CD4 T cells are central to orchestrate, sustain, and potentially regenerate antiviral immunity throughout persistent viral infections. Although the evolving immune environment during persistent infection reshapes established CD4 T-cell responses, the fate of naïve CD4 T cells primed in the midst of persistent infection is unclear. We demonstrate that, in marked contrast to the onset of infection, virus-specific CD4 T cells primed during an established persistent infection have diminished ability to develop Th1 responses, to efficiently accumulate in peripheral tissues, and almost exclusively differentiate into T follicular helper cells. Consistent with suppressed Th1 and heightened Tfh differentiation, virusspecific CD4 T cells primed during the established persistent infection provide help to B cells, but only limited help to CD8 T cells. The suppression of de novo Th1 generation and tissue distribution was mediated by chronic type I IFN (IFN-I) production and was effectively restored by blocking IFN-I signaling during CD4 T-cell priming. Thus, we establish a suppressive function of chronic IFN-I signaling and mechanism of immunoregulation during an established persistent virus infection.
immunosuppression | LCMV T he majority of viruses stimulate robust and effective T-cell responses that efficiently eliminate the infection; however, certain viruses are able to subvert host T-cell control of viral replication and generate a persistent infection. Sustained CD4 T helper (Th) cell responses are a strong correlate of control and clearance of multiple persistent virus infections, including HIV and hepatitis C virus infection in humans and lymphocytic choriomeningitis virus (LCMV) infection in mice (1) . CD4 Th cells are central orchestrators of the immune response and differentially activate diverse branches of innate and adaptive immunity to guide the appropriate response to an invading pathogen. In response to viral infections, CD4 T cells predominately develop into Th1 or T follicular helper (Tfh) cells (2, 3) . CD4 Th1 immunity is critical to sustain residual CD8 T-cell activity to control infection during persistent infection and is characterized in CD4 T cells by the secretion of IFN-γ, TNF-α, and IL-2 (1, 4) . Tfh cells localize to the follicle via C-X-C chemokine receptor type 5 (CXCR5) expression to direct B-cell differentiation and antibody production through cell surface interactions and secreted cytokines such as IL-21 (2) . Ultimately, control of infection is critically dependent upon the correct Th-mediated orchestration of these diverse responses.
At the onset of what will become a persistent LCMV infection, CD4 T cells initially generate a Th1 response, but these Th1 cells progressively develop into Tfh as infection progresses (3) , indicating that CD4 T-cell differentiation is continually modulated by infection. The Th1-to-Tfh transformation as persistent infection progresses also suggests that CD4 T cells primed in an established persistent infection may develop differently than those activated at the onset of infection, thus affecting the ability to replenish the diminishing antiviral Th1 response. Although CD4 T cells can be primed during persistent infection (5, 6) , it is still unclear how the ongoing infection alters de novo CD4 T-cell differentiation and function. Importantly, a naïve T cell activated in an established persistent infection will encounter a substantially different immunologic environment than one primed at the onset of infection, most notably characterized by the disruption of lymphatic organ architecture, the immediate exposure to high levels of antigen and inflammatory and suppressive factors, as well as changes in the type and functional quality of antigen-presenting cells (APCs) (1, 7) . Biologically, de novo T-cell activation will be required for diverse needs of the immune response during viral persistence, such as to balance attrition in response to lifelong persistently replicating infections and to control escape mutations that arise as infection progresses (6, 8, 9) . Therapeutically, activation of naïve T cells will be required to stimulate de novo immunity through therapeutic vaccination and production of virus-specific T cells by means of hematopoietic stem cell engineering (10) .
Given the broad immunologic implications that alterations in CD4 T-cell differentiation could have on the antiviral immune response, we sought to understand the molecular, cellular, and effector development of CD4 T-cell responses primed in the midst of persistent infection. Herein, we demonstrate that type I IFN (IFN-I) signaling in the persistently infected immune environment suppresses the generation of de novo Th1 but not Tfh responses, and blockade of IFN-I signaling effectively restores de novo Th1 differentiation. Ultimately, the failure to form Th1 coupled with exclusive Tfh formation has important implications toward the long-term breadth of the CD4 Th response and the resultant control of persistent viral infections.
Significance
Potent antiviral CD4 Th1 responses generated at the onset of persistent infection are lost as infection progresses. However, it is unknown how CD4 T cell responses are mounted in the midst of an established persistent infection to restore the diminishing Th1 response. We report that an established persistent virus infection suppresses the induction and distribution of new virus-specific CD4 Th1 cells. The failure to generate new Th1 responses is mediated by chronic type I interferon (IFN-I) signaling, and its blockade effectively restored de novo Th1 development. Our study identifies a mechanism of immunosuppression and a method to restore Th1 generation during persistent infection.
Results

Virus-Specific CD4 T Cells Primed in an Established Persistent Infection
Experience an Initial Defect in Effector Differentiation. To investigate the dynamics of virus-specific CD4 T-cell priming in the midst of viral persistence, we used the LCMV system. Infection with LCMV-Armstrong (Arm) induces robust CD4 and CD8 T-cell responses that clear the virus within 8-10 d after infection. Conversely, the LCMV-clone 13 (Cl13) variant replicates to substantially higher titers and rapidly elicits the expression of multiple host immunoregulatory factors that suppress the immune response to generate a persistent infection (11, 12) . To determine how the environment during an established persistent infection affects de novo virus-specific CD4 T-cell priming and differentiation, we transferred naïve LCMV-specific T-cell receptor (TCR)-transgenic CD4 (SMARTA) T cells into mice that had been infected 21 d earlier with LCMV-Cl13. In parallel, naïve SMARTA T cells were transferred into naïve mice that were then infected with LCMV-Cl13, thus allowing a direct comparison of CD4 T-cell priming at the onset and during an established persistent infection. Importantly, SMARTA transgenic cells behave similarly to their endogenous (i.e., host-derived LCMV-GP 66 tetramer + ) CD4 T-cell counterparts (13, 14) . Herein, T cells primed at the onset of infection are termed "early primed," whereas T cells transferred into an established persistent infection are referred to as "late primed."
Sixty hours after transfer, early-and late-primed virus-specific CD4 T cells up-regulate the activation marker CD44, proliferate, and expand to similar levels (Fig. 1A) , indicating priming and activation of naïve virus-specific CD4 T cells in the midst of a persistent infection. Depletion of dendritic cells (DCs) in CD11c-DTR mice (15) before SMARTA transfer greatly reduced late-primed CD4 T-cell proliferation and expansion, indicating that DCs are necessary for priming during persistent infection (Fig. S1 ). Following activation, early-primed CD4 T cells down-regulate the lymph node retention molecule CD62L and up-regulate the IL-2 receptor α-(IL-2Rα, CD25) and β-chains (IL-2Rβ, CD122), Granzyme B, and the Th1 and Tfh fate determining transcriptional regulators T-box 21 (Tbet) and B-cell lymphoma 6 (Bcl6), whereas this was not observed in late-primed cells (Fig. 1B) ) precursor populations evident in early-primed CD4 T cells (Fig. 1C) , nor do they produce the critical antiviral/immunostimulatory cytokines IFN-γ, TNF-α, or IL-21 in response to antigen stimulation (Fig. 1D ). IL-2 is produced at low, but similar levels by both groups [9.3 ± 1.0% of SMARTA (early priming) vs. 13.4 ± 2.3% of SMARTA (late priming); P = 0.16]. These differences in differentiation were also observed 24 h after priming, indicating the failure to undergo this initial differentiation program as opposed to accelerated kinetics of differentiation. Early-and late-primed CD4 T cells expressed the same levels of the transcription factor FoxP3 and Grail, indicating that they are not instead forming Tregs or becoming anergic. Thus, despite activation and proliferation, virus-specific CD4 T cells primed during an established persistent infection initially undergo an attenuated Th differentiation program.
Virus-Specific CD4 T Cells Primed in the Midst of an Established
Persistent Infection Fail to Generate Th1 Cells. To determine whether priming in the midst of persistent infection continues to inhibit Th differentiation, we sorted and performed microarray analysis on early-and late-primed virus-specific CD4 T cells at 8 d after priming, a time point coinciding with the peak of the early-primed effector response (13) . At the population level, Tfh-associated genes were increased in late priming, whereas the majority of Th1-associated genes were highly expressed in early-primed cells (Fig.  S2A) . Consistent with the RNA analysis, the late-primed virusspecific CD4 T-cell response within the mesenteric, inguinal, and brachial/axillary lymph nodes and spleen was predominately Tfh ( Fig. 2A and Fig. S2 B and C) . Furthermore, with exception of the inguinal lymph node, the absolute number of Tfh cells formed in each organ was not increased compared with early priming ( Fig. 2A and Fig. S2 B and C). However, the number of Th1 cells was markedly reduced compared with early priming. Thus, our data indicate that an established persistent infection does not skew toward de novo Tfh formation per se, but instead that de novo Th1 development is not supported when priming is initiated in the midst of an ongoing persistent infection.
Transfer of physiologic numbers of virus-specific CD4 T cells in the midst of persistent infection did not accelerate viral control (Fig. S2D) , indicating that the lack of Th1 generation is not a result of accelerated viral clearance. Importantly, efficient activation and proliferation of naïve CD4 SMARTA T cells occurred when mice received a second transfer 8 d after the first late-priming transfer, demonstrating that the lack of Th1 formation is not due to viral escape (Fig. S2E) . Interestingly, the failure to generate Th1 cells was not observed when virus-specific CD4 T cells were transferred into an established acute LCMV-Arm infection (day 4 after infection; Fig. S2F ), indicating that the inability to efficiently generate Th1 cells is not simply due to viral infection, but rather is a property of the environment during an established persistent infection.
Functionally, late-primed CD4 T cells produced decreased IFN-γ and increased IL-21 compared with early-primed CD4 T cells ( Fig. S3A ) and expressed the master Tfh transcriptional regulator Bcl6 (Fig. S3B) , consistent with the formation of a Tfh response and decreased Th1 differentiation (14) . Unlike cells primed at the onset of acute LCMV-Arm infection, late-primed Tfh differentiation did not require LCMV-specific B cells (2), or IL-6, as has been reported in other situations (16) (Fig. S3 C and  D) . Although it is possible that late-primed cells receive autocrine IL-6 signals because the transferred cells were not IL-6 deficient, we did not detect increased IL-6 mRNA by microarray analysis or IL-6 protein secretion after peptide stimulation. These data further support that virus-specific CD4 T cells form predominately a Tfh instead of Th1 response following priming during established persistent infection through mechanisms distinct from the Th1-to-Tfh transition that occurs by early-primed virus-specific CD4 T cells (3) . Because alterations in Th differentiation affect CD4 T-cell homing and distribution (17, 18) , we next assessed whether the diminished Th1 formation in late-primed virus-specific CD4 T cells led to changes in their tissue distribution. By day 8 after transfer, late-primed CD4 T cells had down-regulated the lymph tissue homing/retention molecule CD62L. However, corresponding to the lack of Th1 generation, the number of late-primed virusspecific CD4 T cells in the liver were greatly reduced, and although they were present in the mesenteric lymph nodes, they were almost entirely absent from the gastrointestinal (GI) tract despite high virus titers in all organs ( Fig. 2 A and B and Fig. S4 ). Thus, consistent with the lack of Th1 differentiation, virus-specific CD4 T cells primed in an established persistent infection were absent from multiple tissues and almost entirely fail to accumulate in the GI tract.
Late-Primed CD4 T Cells Help B-Cell Responses. Tfh cells provide signals to B cells to mediate antibody secretion and direct cellular differentiation (2) . To test whether late-primed CD4 T cells can help virus-specific B cells in vivo, we developed a system to introduce a traceable LCMV-specific B-cell response into persistent infection. B cells from TgKL25 mice transgenically express the heavy chain of the KL25 antibody, and endogenous light chain rearrangement generates ∼7-10% of naïve B cells expressing the KL25 antibody (19) . The KL25 antibody efficiently binds LCMV-WE (20), but not LCMV-Cl13 (Fig. S5) . To use the TgKL25 transgenic mice with LCMV-Cl13, we used reverse genetics to produce two recombinant Cl13 viruses containing mutations within its GP1 coding region facilitating recognition by the KL25 antibody (20) . One viral variant termed LCMV-M1 is neutralized by KL25 and another termed LCMV-M2 is bound but not neutralized by KL25 (Fig. S5) . None of the mutations are in the LCMV-GP 61-80 CD4 T-cell epitope and they do not affect SMARTA cell recognition. Both LCMV-M1 and M2 replicate in vivo and suppress Th1 formation in the latepriming situation analogous to WT LCMV-Cl13.
To determine the CD4 Th capacity of late-primed cells in vivo, we transferred transgenic LCMV-specific B cells (from TgKL25 mice) and/or transgenic LCMV-specific CD8 T cells (P14 cells) into mice persistently infected with LCMV-M2 and then with or without LCMV-specific CD4 SMARTA T cells. In these experiments, mice were CD4 depleted before infection to generate a lifelong viremic infection lacking endogenous LCMV-specific CD4 T cells and ensuring that all help is derived from the transferred virus-specific CD4 T cells. In the CD4-depleted model, lateprimed CD4 T cells failed to form Th1 cells or distribute to nonlymphoid organs (Fig. S6) . Late-primed CD4 T cells did expand to greater levels in lymphoid organs (likely due to a larger available niche), although they did not lead to enhanced viral control (Fig. S6) . Importantly, transferred TgKL25
+ B cells only expanded, differentiated into plasma cells, and produced antibody when cotransferred with SMARTA cells (Fig. 3A) , consistent with the lack of preexisting virus-specific CD4 T cells in CD4-depleted mice, and indicating that late-primed CD4 T cells are capable of providing help to B cells in vivo. Similar results were observed using LCMV-M1. In the presence of late-primed virus-specific CD4 T cells, TgKL25
+ B cells and antibody production were maintained at least up to 40 d after transfer (Fig. 3 A and B) . However, B cells from TgKL25 mice that were not specific for the viral glycoprotein were not enhanced long-term (Fig. S6C) , indicating that the sustained helper effect of late-primed CD4 T cells on B cells is exerted via virus-specific interactions.
Although late-primed CD4 T cells provided help for B cells, they did not increase the level of endogenous preexisting LCMV-GP [33] [34] [35] [36] [37] [38] [39] [40] [41] tetramer + CD8 T cells by 8 d after transfer (in either undepleted or mice CD4 depleted before infection) and only induced a modest but unstained increase in cotransferred lateprimed virus-specific CD8 P14 T cells (Fig. 3C) . Furthermore, transfer of virus-specific CD4 T cells did not enhance the cytokine expression of endogenous or cotransferred virus-specific CD8 T cells (Fig. S6D) . Taken together, these data indicate that, upon transfer of physiologic numbers, late-primed CD4 T cells are capable of providing B-cell help but exert only minimal, short-term effects on the established or de novo CD8 + T-cell response, consistent with their Tfh differentiation.
Type I IFN Signaling Inhibits de Novo Virus-Specific Th1 Formation
During an Established Persistent Infection. IFN-I signaling remains active throughout persistent infection and chronic IFN-I signaling can suppress antiviral CD4 T-cell responses (21, 22) . To evaluate the role of IFN-I in modulating Th1 differentiation during persistent infection, we treated animals with an antibody that blocks IFN-I receptor (IFNR) signaling in vivo (21, 22) . Sixty hours after transfer, late-primed CD4 T cells in anti-IFNR-treated mice now down-regulated CD62L and up-regulated IL-2Rα similar to levels observed in early priming. By day 8 after transfer, anti-IFNR blockade restored Th1 differentiation and the absolute number of late-primed virus-specific CD4 T cells to the same level observed in early priming (Fig. 4A) . However, anti-IFNR blockade did not impair Tfh differentiation in late-primed virus-specific CD4 T cells (Fig. 4A) , supporting that IFN-I signaling inhibits Th1 differentiation as opposed to skewing otherwise Th1 cells into Tfh.
Consistent with the restoration of Th1 immunity in the lymphoid organs, anti-IFNR blockade restored the frequency and number of late-primed virus-specific CD4 T cells and Th1 development within the liver and small intestine to the same levels observed in early priming ( Fig. 4B and Fig. S7 ). Anti-IFNR blockade also enhanced the capacity of late-primed cells to produce IFN-γ and TNF-α, and did so to levels well above the exhausted virus-specific CD4 T-cell responses observed at the onset of infection (Fig. 4C) . Unlike during the established persistent infection, anti-IFNR blockade during priming at the onset of LCMV-Cl13 infection (i.e., early priming) did not increase the magnitude of the virus-specific CD4 Th1 response (Fig. S8) , indicating that IFN-I signaling plays temporally disparate roles in modulating virus-specific CD4 T-cell differentiation as persistent infection progresses, and that it can be blocked to systemically restore de novo Th1 differentiation and cytokine expression. To determine whether IFN-I acts directly on late-primed CD4 T cells to inhibit Th1 formation, we transferred IFNRα-deficient virus-specific CD4 T cells into persistently infected animals. In this experiment, all components of the persistently infected immune environment except for the transferred virus-specific T cells are able to respond to IFN-I signaling. IFNR deficiency on virus-specific CD4 T cells did not increase Th1 differentiation (Fig. 5A) , indicating that IFN-I does not act directly on virusspecific CD4 T cells to repress the Th1 response. Interestingly, unlike at the onset of infection wherein direct IFN-I signaling is critical for the survival of virus-specific CD4 T cells ( Fig. S9A  compared with Fig. 5A ), late-primed virus-specific CD4 T cells were present at equal amounts regardless of IFNR expression, thus again highlighting the disparate role of direct IFN-I signaling on CD4 T cells at the onset and in the midst of persistent infection.
To determine whether IFN-I is acting during virus-specific CD4 T-cell priming and programming to repress Th1 formation or whether ongoing IFN-I signaling after priming continues to suppress Th1 differentiation, we blocked IFNR signaling 60 h after cell transfer (once priming has already occurred; Fig. 1 ). Anti-IFNR treatment rapidly curtails IFN-I signaling and within 1 d IFN-I gene expression was inhibited (Fig. S9B) . Whereas blocking IFN-I signaling before priming fully facilitated Th1 differentiation, anti-IFNR blockade 60 h after transfer did not significantly increase Th1 differentiation in lymphoid or peripheral organs (Fig. 5B) . Thus, our data demonstrate that IFN-I signaling represses de novo virus-specific CD4 Th1 generation during the priming interactions in an established persistent infection.
Discussion
It is becoming clear that, in addition to its critical antiviral functions, ongoing IFN-I signaling can be detrimental to the immune response, potentiating many of the immune dysfunctions associated with persistent virus infections (21) (22) (23) . In this report, we now identify a suppressive mechanism associated with chronic IFN-I signaling specifically during an established persistent virus infection. Unlike IFN-I signaling at the time of priming in the established persistent infection rapidly suppresses Th1 differentiation and Th1 markers are never observed (i.e., 60 h after transfer). However, the initial expansion and survival (i.e., total number) of de novo primed virus-specific CD4 T cells observed 60 h after transfer is the same at the onset and in the established persistent infection, demonstrating that the cells that would become Th1 are initially activated and present in early and late priming. However, by day 8, cells that would have become Th1 fail to continue to differentiate and are absent, whereas Tfh differentiation is not dramatically affected. Thus, IFN-I signaling during an established persistent virus infection does not block activation of cells that would become Th1 or skew cells that would become Th1 into Tfh cells, but instead inhibits the differentiation of activated T cells into Th1 effectors. Moreover, the ability to restore Th1 differentiation by blocking IFN-I is lost when anti-IFNR blockade is initiated 60 h after virus-specific CD4 T-cell transfer, confirming that IFN-I signals suppress the differentiation of Th1 cells in the initial priming interactions, without affecting their initial expansion. An alteration in CD8 T-cell activation and differentiation has also been observed when they are initiated a few days into the established acute LCMV (24, 25) or during persistent polyoma virus infection (26) . Interestingly, exposure to IFN-I under similar circumstances induces the differentiation of bystander CD8 T cells into a memory-like state displaying some effector properties (27, 28) . As in our system, this effect on differentiation was not due to direct IFN signaling to the T cell, but rather was mediated indirectly, potentially through interactions with the priming DC or other APC, indicating that the prepresence of IFN-I modulates the immune environment to control subsequent differentiation of multiple aspects of adaptive immunity. Ultimately, modulating secondary mechanisms downstream of IFN-I signaling may enable restoration of Th1 potential without entirely abolishing the IFN-I system. CD4 T-cell responses established at the onset of persistent viral infection rapidly develop both Th1 and Tfh immunity. However, as infection progresses, the virus-specific CD4 Th1 cells are redirected toward Tfh (3) . In addition to this, our data indicate that the suppression of de novo Th1 differentiation coupled with ongoing de novo Tfh generation may also explain the enlarged Tfh effector pool observed during many established persistent infections (3, 29-31 ). The sustained ability to continue to produce Tfh responses likely has benefits for the host, as Tfh are necessary to control a persistent infection (3) and the new Tfh are able to sustain B-cell responses. However, an expanding Tfh accumulation may ultimately lead to dysregulation of B-cell development, hypergammaglobulinemia, and the formation of autoantibodies associated with persistent virus infections (32, 33) . Ultimately, because a balanced CD4 Th response is likely optimal to sustain the multiple and diverse immunologic needs during persistent virus infection, a progressive differentiation of Th1 into Tfh coupled with diminished ability to generate new Th1 cells could lead to focusing of the immune response and decreased ability to appropriately fight infection.
Th1 cells are associated with enhanced control of multiple persistent viral infections (34) (35) (36) (37) (38) (39) . Recently, Aubert et al. (5) demonstrated that transfer of high numbers (4 × 10 6 ) of naïve virus-specific CD4 T cells into persistent LCMV infection could enhance the preexisting (exhausted) virus-specific CD8 T-cell and B-cell responses. However, in our experiments, we only observed a moderate initial increase in previously established (exhausted) CD8 T-cell responses that was not sustained and no decrease in virus titers. Differences in the amount of transferred virus-specific CD4 T cells (5,000 vs. 4 million) likely account for this discrepancy and suggests that endogenously generated de novo CD4 T-cell immunity may not produce a sufficiently strong Th1 response to help dysfunctional or de novo-primed virus-specific CD8 T cells during viral persistence.
Consistent with the diminished ability to generate de novo Th1 immunity during an established persistent LCMV infection distribution of newly primed CD4 T cells in nonlymphoid sites of virus replication is greatly limited, particularly in the GI tract. The reduced ability of de novo-primed virus-specific CD4 T cells to reach peripheral tissues, could lead to the failure to reconstitute these sites as an infection progresses, thus compounding immunodeficiency and creating viral sanctuaries during persistent infections. As a result, persistently infected individuals may become more susceptible to virus-escape variants, secondary infections, and reinfection in those organs. Ultimately, if new CD4 T-cell responses recruited to balance CD4 T-cell attrition or combat viral escape mutants could not generate a new Th1 component and distribute to tissue reservoirs of infection, it would leave a hole in the CD4 T-cell response and further debilitate control of viral replication. Because CD4 T cells have the potential to direct and sustain multiple types of immune responses in multiple tissues, future therapeutic strategies should consider the alterations in de novo CD4 T-cell differentiation and how to appropriately overcome them.
Materials and Methods
Mice and Virus. C57BL/6 (WT) mice were purchased from The Jackson Laboratory or the rodent breeding colony at University of California, Los Angeles. B-cell-deficient μMT, hen egg lysozyme transgenic (Hel-tg), and CD11c-DTR mice were purchased from The Jackson Laboratory. Transgenic KL25 mice were provided by Daniel Pinschewer (University of Geneva, Geneva, Switzerland). LCMV-GP 61-80 -specific CD4 TCR transgenic (SMARTA) and LCMV-GP 33 -specific CD8 TCR transgenic (P14) mice have been described previously (40, 41) . SMARTA mice deficient for the type I IFN receptor were generated by crossbreeding SMARTA mice with IFNR −/− mice (provided by Dorian McGavern, National Institutes of Health, Bethesda). All mice were housed under specific pathogen-free conditions. Mouse handling conformed to the experimental protocols approved by the University of California, Los Angeles, Animal Research Committee. In all experiments, the mice were infected i.v. via the retroorbital sinus with 2 × 10 6 PFU of LCMV-Armstrong, LCMV-clone 13, LCMV-M1, or LCMV-M2. Virus stocks were prepared and viral titers were quantified as described previously (41) .
To generate an LCMV-Cl13 variant that could be recognized by the KL25 antibody, we used reverse-genetics approaches to rescue a recombinant Cl13 virus containing mutations within the GP1 coding region at I118L and S119N for LCMV-M1 and I118L, S119N, and N121K for LCMV-M2.
Isolation and Adoptive Transfer of Virus-Specific T and B Cells. LCMV-specific SMARTA cells, P14 cells, or TgKL25 B cells were isolated from the spleens of respective transgenic mice by negative selection (StemCell Technologies). All cell transfers were performed i.v. in the retroorbital sinus. To assess priming and differentiation of virus-specific CD4 T cells in the midst of persistent infection, we transferred 5,000 SMARTA cells into either naïve mice that were infected with LCMV-Cl13 1 h later (early priming) or into mice that had been infected with LCMV-Cl13 21 d earlier. For experiments in which the mice were killed at 60 h after transfer, 250,000 SMARTA cells were transferred to enable detection at this early time point. For late priming during acute infection, 5,000 SMARTA cells were transferred into mice infected for 4 d with LCMV-Armstrong.
To assess viral escape from late-primed responses, 5,000 SMARTA cells were transferred into mice 21 d after LCMV-Cl13 infection. Eight days later (day 29 after infection) 5,000 carboxyfluorescein succinimidyl ester (CFSE)-labeled SMARTA cells were transferred into the same mice (i.e., a second SMARTA cell transfer) or into infection-matched mice that did not previously receive SMARTA cells at day 21 (control for effective proliferation). Proliferation was then assessed by CFSE dilution 60 h after the second transfer.
To assess how late-primed virus-specific CD4 T cells help B cells and CD8 T-cell responses, 2-5 × In Vivo CD4 Depletion and Type I IFN Receptor Blockade. To deplete CD4 T cells before LCMV infection, mice were treated i.v. with 500 μg of anti-CD4 antibody (clone GK1.5; BioXCell) 4 d before infection and again on the day of infection. Thirty to 45 d were allowed to pass before further experiments were performed to allow for the reconstitution of the endogenous CD4 T-cell compartment.
To block IFN-I signaling in vivo during persistent infection, mice were treated i.v. with 500 μg of anti-type I IFN receptor (IFNR1) blocking antibody (clone MAR1-5A3; Leinco Technologies) or isotype control antibody 1 or 2 d before SMARTA cell transfer (on day 19 or 20 of infection), and every 48 h subsequently through day 27 or 28 after infection. For experiments where IFN-I signaling was blocked after virus-specific T-cell priming, mice received isotype control antibody on days 20 and 22 of infection, and IFNR1 blocking antibody starting on day 24 of infection (60 h after SMARTA cell transfer) and every 2 d subsequently. To block IFN-I signaling at the onset of infection, animals were treated with isotype antibody or with anti-IFNR blocking antibody starting 1 d before LCMV-Cl13 infection and SMARTA cell transfer. Antibody treatment was continued every 2 d through day 7 after infection.
Statistical Analysis. Student t tests (two-tailed, unpaired) and Mann-Whitney nonparametric tests (two-tailed, unpaired) were performed using GraphPad Prism 5 software (GraphPad Software).
